The long-term effect of a very low-protein diet on the progression of kidney disease is unknown. We examined the effect of a very low-protein diet on the development of kidney failure and death during long-term follow-up of the Modification of Diet in Renal Disease (MDRD) Study.
A lthough experimental data suggest a benefit of dietary protein restriction on slowing the progression of chronic kidney disease (CKD) in animal models, 1, 2 clinical studies have shown conflicting results. Low-protein diets appear to slow the rate of decrease in kidney function in some studies, [3] [4] [5] [6] whereas others have failed to show a benefit. [7] [8] [9] Very few of these studies were randomized controlled trials, most were short term, and many used outcomes based on creatinine levels, which are affected by level of dietary protein ingested as meat. 10 The Modification of Diet in Renal Disease (MDRD) Study, the largest clinical trial to date to examine the safety and efficacy of dietary protein restriction on the progression of kidney disease, was unable to show a conclusive benefit during the trial of low-or very low-protein diets in slowing the rate of measured glomerular filtration rate (GFR) decrease. 11 In long-term follow-up of patients randomly assigned to usualversus low-protein diets, there was insufficient evidence supporting a benefit of the latter in retarding the progression to kidney failure. 12 There are limited data for long-term effects of very low-protein diets on clinical outcomes in patients with nondiabetic CKD; however, dietary protein restriction remains a therapeutic consideration in these patients. 10 , 13, 14 There are several precedents in the literature for interventions during a trial showing benefits or harm during long-term follow-up. [15] [16] [17] Therefore, we examined the effects of randomization to the low-protein diet versus the very lowprotein diet supplemented with a mixture of essential keto acids and amino acids on the development of kidney failure or death during long-term follow-up of the MDRD Study randomized cohort.
METHODS

MDRD Study Randomized Controlled Trial
The MDRD Study was a randomized controlled trial conducted from 1989 to 1993 to study the effect of dietary protein restriction and strict blood pressure control on the progression of kidney disease. Details of this study have been published previously. 18, 19 Eligibility criteria included age 18 to 70 years, serum creatinine concentration of 1.2 to 7.0 mg/dL in women and 1.4 to 7.0 mg/dL in men, and mean arterial pressure of 125 mm Hg or less. Exclusion criteria were insulin-requiring diabetes, class III or IV heart failure, urine protein excretion exceeding 10 g/d, kidney transplantation, or frequent hospitalizations. Participants with GFR of 25 to 55 mL/min/1.73 m 2 entered study A and participants with GFR of 13 to 24 mL/min/1.73 m 2 entered study B. The 255 participants in study B were randomly assigned to either a low-protein diet (0.58 g/kg/d) or a very low-protein diet (0.28 g/kg/d) supplemented with a mixture of keto acids and amino acids (0.28 g/kg/d; Table 1 ). Participants also were randomly assigned to either a low or usual blood pressure target. Participants in study A were randomly assigned to either a usual-protein diet (1.3 g/kg/d) or low-protein diet (0.58 g/kg/d), with approximately 65% of dietary protein of high biological value (from animal sources) and are not included in the analyses presented here. Long-term follow-up results of the dietary interventions in study A have been published previously.
12 GFR was measured by using iothalamate clearance. Decisions to initiate dialysis therapy were based on the clinical judgment of the primary nephrologists taking care of the patients. Iothalamate GFR values were not available to the primary physicians.
Ascertainment of Dietary Protein Intake
During the trial, protein and amino acid intake (Fig 1) was measured every 2 months from urea nitrogen excretion rate in 24-hour urine collections by using the formula of Maroni et al 20 :
where SBW is standard body weight computed from height and body frame. 21 Mean protein intake during the study was defined as the average of all measurements obtained after the first month of follow-up. 19, 22 The median amount of prescribed keto acid-amino acid supplements used during the trial was estimated by using pill counts to be 92%.
No recommendations were made regarding dietary protein targets after completion of the trial. Protein intake was measured in a subgroup of participants 4 months after the end of the study (after close-out) and 5 months later (9 months after study end; phase 5). Thereafter, protein intake measurements are not available.
Outcome Ascertainment During Long-term Follow-up (1993-2000) of the MDRD Study
We assessed 3 outcomes: kidney failure (initiation of dialysis therapy or transplantation), all-cause mortality, and a composite outcome of kidney failure and all-cause mortality. We ascertained survival status from the National Death Index by using the participant's Social Security number, name, sex, and date of birth. The National Death Index is 93% accurate in identifying deaths with known social security numbers. 23 We obtained kidney failure outcomes, defined as initiation of dialysis therapy or transplantation, from the US Renal Data System by using the same identifying information. Death data from the National Death Index was confirmed by using data from the US Renal Data System. Participants were censored on December 31, 2000, if neither of these outcomes had occurred. The Institutional Review Boards of The Cleveland Clinic, Cleveland, OH, and Tufts Medical Center, Boston, MA, approved data collection procedures for the long-term follow-up study.
Statistical Analysis
Time-to-event analyses for the 3 outcomes were performed by using the Kaplan-Meier method to estimate cumulative incidence curves and log-rank tests stratified by clinical center. We compared the effect of randomized dietary protein group on risk of the 3 outcomes by using unadjusted and adjusted Cox regression models stratified by clinical center. The follow-up period included the duration of the trial (mean follow-up, 2.2 years) and long term follow-up until administrative censoring on December 31, 2000. Models for mortality outcome included deaths that occurred both before and after kidney failure and were censored at the end of follow-up. Models for kidney failure were censored at death or the end of follow-up, and models for the composite outcome were censored at the end of follow-up. All analyses were performed on an intention-to-treat basis, in which participants were analyzed according to diet group throughout the randomized trial and long-term follow-up.
To increase statistical power, we obtained hazard ratios (HRs) with adjustment for baseline factors. Covariates specified a priori in the adjusted models were blood pressure assignment, race, polycystic kidney disease as cause of kidney disease, log urine protein, serum transferrin concentration, high-density lipoprotein cholesterol level, and mean arterial pressure. We chose these factors based on their recognized associations with GFR decrease in the MDRD Study. 24 In addition, we adjusted for baseline age and GFR given their known relationship with death and kidney failure, respectively. Sex also was added for analyses for mortality.
We checked proportional hazards assumptions of the Cox regression models by testing the interaction of each baseline factor with duration of follow-up. As a result, we included interaction terms of follow-up time with baseline urine protein excretion and diagnosis of polycystic kidney disease in the multivariable model.
Using time-dependent Cox regression, we examined differences in HRs for the 3 outcomes for 2 periods: (1) during the trial period and posttrial follow-up period, and (2) before and after 6 years of follow-up, a cut-off point based on inspection of data in successive 2-year intervals. S-Plus 6.2 (Insightful Corp, Seattle, WA) and SPSS 14.0 (SPSS Inc, Chicago, IL) were used to perform statistical analyses.
Additional Analyses
We performed prespecified tests for interactions to determine whether effects of the dietary protein restriction on death differed between deaths occurring before or subsequent to kidney failure and whether effects for the 3 outcomes differed by blood pressure assignment (usual and low target).
The short-term exposure to the very low-protein diet may have deleterious effects during the long term and especially after the onset of kidney failure, in which case one would expect the majority of deaths to occur early, ie, a year or 2 after dialysis therapy initiation. Therefore, we also examined the effect of diet on the hazard for death subsequent to kidney failure by using 2 different times: (1) kidney failure that occurred during or after the trial, and (2) kidney failure that occurred within 4 years from the start of the trial versus after 4 years.
RESULTS
Baseline Characteristics of MDRD Study B Participants
The study cohort had an average age of 50.8 Ϯ 12.8 (SD) years. The sample was predominantly white (85.9%), 59.2% were men, and 5.1% had a history of non-insulin-dependent diabetes. Mean (1989) (1990) (1991) (1992) (1993) . Abbreviations: B3, baseline; F, months of follow-up; n1, participants with follow-up at any period in the low-protein diet group; n2, participants with follow-up at any period in the very low-protein diet group; Phase V, 9 months after completion of trial; post close-out, 4 months after the end of the study.
baseline GFR was 18.5 Ϯ 3.4 mL/min/1.73 m 2 (median, 18.6 mL/min/1.73 m 2 ), and proteinuria was 1.4 Ϯ 1.7 g/d of protein (median, 0.7 g/d). These characteristics were balanced between the randomized groups (Table 2) .
Nutritional Parameters During Follow-up
During the trial, mean separation in dietary protein intake, not including amino acids and keto acids, between the low-and very low-protein groups was 0.25 g/kg/d (Table 2; Fig 1) . Selected nutritional parameters were measured in a subgroup of participants 9 months after study end (phase 5). There were no differences in protein intake, energy intake, serum albumin and creatinine levels, urinary creatinine excretion, and anthropometric measures between the low-and very low-protein diet groups (Table 3) .
Effect of the Very Low-Protein Diet on Kidney Failure, the Composite Outcome, and Death
Median duration of follow-up until kidney failure, death, or administrative censoring was 3.2 years, and median time to death was 10.6 years. Of 255 participants, 227 (89.4%) developed kidney failure and 79 (30.9%) died of any cause, with 17 deaths occurring before kidney failure, and 244 (95.7%) reached the composite outcome. In the low-protein group, 117 (90.7%) participants developed kidney failure, 30 (23.3%, 16% due to cardiovascular disease) died, and 124 (96.1%) reached the composite outcome. In the very low-protein group, 110 (87.3%) participants developed kidney failure, 49 (38.9%, 21% due to cardiovascular disease) died, and 120 (95.2%) reached the composite outcome. Of patients who reached kidney failure during the trial, 12% Note: Values expressed as mean Ϯ SD or percent. Total and high-density lipoprotein cholesterol in mg/dL may be converted to mmol/L by multiplying by 0.02586; albumin in g/dL to g/L by multiplying by 10; transferrin in mg/dL to g/L by multiplying by 0.01.
Very Low-Protein Diet and Outcomes in CKD
underwent preemptive kidney transplantation in both diet groups. Figure 2 shows numbers of events during and after the trial. Few participants died before kidney failure in either group, with no difference between groups; however, there were more deaths subsequent to kidney failure in the very lowprotein group compared with the low-protein group.
Kaplan-Meier curves (Fig 3) by randomized groups did not show a difference in risk of kidney failure (log rank P ϭ 0.4) or the composite outcome (P ϭ 0.5; data not shown), but showed a greater probability of death in the very Note: Albumin in g/dL may be converted to g/L by multiplying by 10; transferrin in mg/dL to g/L by multiplying by 0.01. low-protein group (P ϭ 0.01). In unadjusted analyses, randomized diet groups were not associated with kidney failure or the composite outcome; however, the very low-protein group had 82% greater risk of all-cause mortality (Table 4) . Covariate adjustment did not appreciably alter the observed associations. In time-dependent Cox models, there was no association between assignment to a very lowprotein diet and risk of kidney failure or the composite outcome during or after the trial. However, the very low-protein diet was associated with increased risk of death after the trial. When follow-up time was categorized as less or greater than 6 years, the very low-protein diet was not associated with risk of kidney failure or the composite outcome at either time or with death at less than 6 years, but was associated with a greater than 2-fold increased risk of death after 6 years (P for interaction ϭ 0.3).
Additional Analyses
There was no difference between diet groups in risk of death before kidney failure (HR, 1.12; 95% confidence interval, 0.42 to 2.94). However, the very low-protein diet was associated with a greater than 2-fold increased risk of death subsequent to kidney failure (HR, 2.43; 95% CI, 1.33 to 4.43). The interaction of protein group with deaths before or subsequent to kidney failure did not reach statistical significance (P ϭ 0.1). There was no difference in risk of any of the outcomes by blood pressure assignment (data not shown).
The very low-protein diet was associated with increased risk of death after kidney failure occurring both during and after the trial and with risk of death after kidney failure occurring 4 years from the start of the trial and after 4 years (data not shown).
DISCUSSION
In the MDRD Study randomized cohort, assignment to a very low-protein diet with a mixture of essential keto acids and amino acids versus a low protein-diet during the trial was associated with a significantly greater risk of death during long-term follow-up, but had no effect on the development of kidney failure or a composite outcome of kidney failure and death. Although very low-protein diets generally are not recommended, we believe these findings are clinically relevant given the continued interest in the use of dietary protein restriction as an intervention to delay progression of kidney disease. 10, 13, 14 There are limited data from randomized controlled trials examining the effect of very lowprotein diet on the progression of advanced kidney disease and no data for long-term outcomes. Ihle et al 3 randomly assigned 64 patients with serum creatinine concentrations of 350 to 1,000 mol/L (4 to 11.3 mg/dL) to a regular diet or 0.4 g of protein/kg of body weight per day with an energy supplement to provide 35 to 40 kcal/ kg/d. During 18 months of follow-up, the very low-protein diet was associated with lower rates of kidney failure and a slower decrease in kidney function measured by using chromium-51-labeled EDTA clearance. Pedrini et al 25 performed metaanalyses of randomized controlled trials of dietary protein restriction and found that a lowprotein diet significantly reduced the risk of death or kidney failure in patients with nondiabetic kidney disease. In 1998, a meta-analysis by Kasiske et al 26 that included randomized and nonrandomized studies found a relatively small effect of dietary protein restriction on the rate of decrease in GFR. An updated meta-analysis of 7 randomized controlled trials with 1,494 patients with nondiabetic kidney disease found that protein restriction decreased the incidence of a composite outcome (death, dialysis therapy, or kidney transplantation during the trial; odds ratio, 0.61; 95% confidence interval, 0.46 to 0.83).
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This analysis included patients at varying stages of CKD and studied low-and very low-protein diets, but did not analyze these diet groups separately. In a recent randomized controlled trial, a supplemented very low-protein diet (0.3 g/kg body weight per day supplemented with keto acids, amino acids, and vitamins) was effective in postponing dialysis therapy in elderly patients with stage 5 nondiabetic kidney disease. 13 This analysis from the MDRD Study randomized cohort is the first to examine the long-term effects of a very low-protein diet on clinical outcomes in patients with advanced nondiabetic kidney disease. We found that assignment to a very low-protein diet significantly increased the risk of death during long-term follow-up, but did not affect the risk of kidney failure or a composite of kidney failure and death. The composite outcome reflects the kidney failure outcome for 2 reasons. First, there were many more kidney failure events than deaths, and second, the composite includes only deaths before kidney failure, and most of the deaths occurred after kidney failure. The increased risk of death is especially evident with longer follow-up and after kidney failure and may indicate a deleterious effect of the very low-protein diet on postdialysis death.
There are several potential explanations for the long-term findings. First, participants may have continued to adhere to a very low-protein diet beyond the duration of the trial and after the development of kidney failure, a circumstance in which the very-low protein diet may be harmful. Pollock et al 27 found that patients with reduced kidney function who were advised to restrict their protein intake were unable to increase their protein intake after the start of dialysis therapy despite dietary counseling. Because dialysis is a known catabolic event, the inability to increase their protein intake may have resulted in a negative nitrogen balance, a known risk factor for death. 28 Conversely, another observational study found that patients on very low-protein diets were able to increase their protein intake after the start of hemodialysis. 29 The phase 5 data from the MDRD Study do not support this first hypothesis because protein intake was similar in both study arms. However, it must be acknowledged that phase 5 represents a select and small subgroup of participants. †Includes deaths before and after kidney failure. ‡Hazard ratios were adjusted for the following baseline variables: log urine protein, log urine protein ϫ follow-up time interaction, polycystic kidney disease, polycystic kidney disease ϫ follow-up time, African American race, transferrin level, high-density lipoprotein cholesterol level, mean arterial pressure, glomerular filtration rate, age, and blood pressure goal assignment. Sex was added for analyses for mortality.
Second, short-term exposure to the very lowprotein diet may have deleterious effects during the long term and especially at the onset of kidney failure and may potentiate the negative impact of malnutrition associated with dialysis and earlier stages of CKD. 28, [30] [31] [32] [33] The reduction in urine creatinine excretion seen with very lowprotein diets may indicate a reduction in skeletal muscle mass. 34, 35 Thus, although most studies investigating the effect of very low-protein diets on nutritional status report short-term changes in nutritional parameters with stabilization after 3 to 4 months, it is possible that there is a more sustained, but gradual, loss of muscle and/or somatic protein.
3, [36] [37] [38] The safety of the dietary protein restriction during the MDRD Study was monitored by using several nutritional status indicators. During the trial, body weight, percentage of body fat, arm muscle area, serum transferrin level, and urine creatinine excretion decreased and serum albumin level increased in both the low-and very low-protein diet groups. 39 Percentage of body fat decreased more in the lowprotein diet group, whereas urine creatinine excretion decreased to a greater extent in the very low-protein diet group. Mean energy intake decreased in both the low-and very low-protein diet groups. The mean change in these variables was small, and there was a more gradual, but continued, decrease after the first 4 months until the end of the trial. Two study B participants reached a stop point for malnutrition. However, the subgroup data available at phase 5 in the MDRD Study do not support this second hypothesis because nutritional parameters were similar between the diet groups. However, as noted, this represents a select subgroup of participants. In addition, if this hypothesis were true, one would expect the majority of deaths to occur early, ie, a year or 2 after dialysis therapy initiation. Our results indicate that the very low-protein diet is associated with increased risk of death after kidney failure both 4 years from the start of the trial and 4 years after completion of the trial.
Third, dietary protein restriction was accompanied by a concomitant decrease in mean energy intake in some studies, and this could potentially contribute to the development of protein calorie malnutrition. [40] [41] [42] However, although mean energy intake decreased in both diet groups in the MDRD Study, there was no difference in mean energy intake during the trial or at phase 5 between the diet groups.
Fourth, one could hypothesize a direct toxic effect of the keto acid-amino acid supplements. The original keto acid preparation used in the pilot and feasibility study had a relatively low tryptophan content, raising concerns that this might lead to decreased protein synthesis and therefore malnutrition. Hence, additional tryptophan was added to the keto acid-amino acid supplement used in the trial. After the trial began, human and animal studies described a potential nephrotoxic effect of a metabolite of tryptophan, indoxyl sulfate. [43] [44] [45] [46] [47] In addition, in a post hoc analysis from the pilot and feasibility phase of the MDRD Study in which the supplement had lower tryptophan content, there was a trend toward a slower rate of progression of kidney disease in patients on the keto acid-amino acid mixture than those supplemented with an amino acid mixture. 48 However, we are unable to directly test whether this mechanism may have a role in explaining our results.
Fifth, it must be acknowledged that the observed association of the very low-protein diet with increased death may be a spurious one.
The strengths of our study include random assignment to dietary protein groups, long-term follow-up, complete ascertainment of data by using clinical outcomes, and use of intention-totreat principle in analyses. The primary limitation is lack of dietary protein and nutritional measurements and information for medical management and clinical course during long-term follow-up, leading to an inability to understand the exact mechanism underlying the increased risk of death seen in the very low protein-diet group. We also acknowledge that the study may have been underpowered to study the interactions tested. As presented in a previous publication from our group, the MDRD Study cohort has a lower competing risk of mortality compared with other populations with CKD. 49 The low risk of mortality may be attributable to the relatively young and healthy group of patients with predominantly nondiabetic CKD and low prevalence of cardiovascular disease at baseline represented by the MDRD cohort.
In summary, assignment to a very low-protein diet increased the risk of death in long-term follow-up of the MDRD Study, but had no im-pact on delaying the progression to kidney failure and no relationship with a composite outcome of kidney failure and death. These results emphasize the importance of long-term follow-up when evaluating the impact of interventions designed to slow the progression of chronic diseases.
